Variation in cellular biochemical functions controlled by cytoplasmic genes was studied in relation to phenotypic differences between progeny of reciprocal hybrid female mice. Least squares procedures were used to test for differences in mitochondrial respiratory metabolism and in capacity for ATP synthesis, and differences in growth of progeny of hybrid dams. Under identical nuclear influences, mitochondria of A/J and C57BL/6J cytoplasms differed (P < .10 to P < .01) from those of BALB/cJ cytoplasm in energy conservation. No differences were detected in mitochondrial efficiency between BALB/cJ cytoplasm evaluated in different nuclear environments. Three-way cross progeny of C57BL/6J x BALB/cJ reciprocal hybrid females mated to DBA/2J males differed (P < .05) in litter weight at weaning and 1 wk and 2 wk postweaning. The F2 progeny of reciprocal C57BL/6J x BALB/cJ dams and F 2 and three-way cross progeny of reciprocal AJJ x BALB/cJ dams did not differ in weight at any age measured. Across all genotypes of dam, rank correlations of mitochondrial traits with F 2 litter weights were nonsignificant. Observed variation in mitochondrial functions partially controlled by cytoplasmic genes did not limit mouse growth under these experimental conditions.
Introduction
Cytoplasmic genetic effects recently have been suggested to affect growth, reproduction and lactation of livestock (Bell et al., 1985; Huizinga et al., 1986; Toelle et al., 1986; Tess et al., 1987; Schutz and Freeman, 1988) . This interpretation has been based on quantitative genetic analyses (Rothschild and Ollivier, 1987) and supported by physical evidence for cytoplasmic effects (Wolanis et al., 1980; Brown et al., 1988) . Mitochondria are the source of cytoplasmic, maternally inherited animal genes. The entire genetic content of mammalian 1Journal paper no. 5044 of the Arizona Agric. Exp. Sta. 2Current address: Dept. of Immtmol. and Med. Microbiol., Univ. of Florida, Gainesville 32610.
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Received June 27, 1988 . Accepted September 19, 1988 mitochondrial DNA has been sequenced and identified (Bibb et al., 1981) , so features of cellular biochemistry and metabolism affected by polymorphisms in this DNA can be evaluated. Mouse mitochondrial genes code for ribosomal and transfer RNA required for intramitochondrial protein synthesis, and subunits of the mitochondfial electron transport system and ATP synthesis complex. Other mitochondrial structural and functional components are coded for by nuclear genes, so nuclear-cytoplasmic genetic interaction in control of mitochondrial functions also exists. Mitochondrial respiratory traits vary among mouse strains (Brown et al., 1987) . Some variation in mouse mitochondrial respiratory metabolism and energy metabolism is caused by mutations in cytoplasmic genes (Howell and Nalty, 1988) . The objective of the present study was to determine whether variation in mitochondrial metabolic functions partially controlled by cytoplasmic genes was related to variation in growth of mice having different cytoplasms. A/J x BALB/cJ F 2 BALB/cJ x A/J F 2 (A/J x BALB/cJ) x DBA/2J (BALB/cJ x A/J) x DBA/2J C57BL/6J x BALB/cJ F 2 BALB/cJ x C57BL/6J F 2 (C57BL/6J x BALB/cJ) x DBA/2J (BALB/cJ x C57BI./6J) x DBA/2J 1/2 A/J, 1/2 BALB/cJ A 112 A/J, 1/2 BALB/cJ C 1/4 A/J, 1/4 BALB/cJ, 1/2 DBA/2J A 114 A/J, 1/4 BALB/cJ, 1/2 DBA/2J C 1/2 C57BI./6J, 1/2 BALB/cJ B 1/2 C57BI./6J, 1/2 BALB/cJ C 1/4 C57BL/6J, 1/4 BALB/cJ 1/2 DBA/2J B 1/4 C57BL/6J, 1/4 BALB/cJ 1/2 DBA/2J C "Female parent listed first. bAR cytoplasm designated as A, BALB/cJ cytoplasm designated as C, and C57BL/6J cytoplasm designated as B.
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Materials and Methods
Cytoplasmic effects on mouse growth were tested by comparisons of weights of F 2 and three-way cross progeny of reciprocal hybrid dams. These sets of hybrids can be used to test for cytoplasmic effects on growth because their Ft dams are expected to have identical nuclear genetic effects on prenatal environment and lactation potential, but have different cytoplasms. Growth of reciprocal F1 hybrids themselves cannot be compared to test for cytoplasmic effects because their inbred dams may differ in nuclear gene effects on dam uterine and lactation potentials affecting preweaning growth of the hybrids (Malik, 1984) . Reciprocal A/J (designated A cytoplasm) x BALB/cJ (designated C cytoplasm) and reciprocal C57BL/6J (designated B cytoplasm) x BALB/cJ hybrid females all were mated to hybrid males of their own genotype or to DBA/2J males. This afforded contrasts of A vs C and B vs C cytoplasm against two different nuclear backgrounds, 0 or 1/2 DBA/ 2J (Table 1) . These "old inbred" mouse strains have been isolated genetically for over 100 generations (Heiniger and Dorey, 1980) , maximizing the likelihood of cytoplasmic genetic divergence. This mating design avoided the limitations associated with embryo transfer or cross-fostering approaches (Petters et ai., 1988) . Hypothesized direct cytoplasmic effects on progeny preweaning grow~ remained confounded with potential cytoplasmic effects on dams' prenatal and lactational capacities. Cytoplasmic genetic effects on dams' lactation ability were interpreted to cause variation in preweaning growth of calves (Tess et al., 1987) , so a similar effect on preweaning growth of mouse pups was possible. Mating pairs were together continuously during producfion of up to four litters. Mice were kept in shoebox cages and fed a standard extruded maintenance diet. Litter weights were recorded at birth and weekly for 5 wk, with weaning at 3 wk of age. Mean individual weights were calculated from the litter weights and sizes.
Polarographic in vitro assays of respiratory metabolism of isolated hepatic mitochondria of reciprocal F: hybrids were conducted as described previously (Brown et al., 1987) . State 3 respiration (Chance and Williams, 1955) was Krebs cycle substrate and phosphate acceptor (80 gM ADP)-stimulated steady state respiration coupled with oxidative phosphorylation for ATP synthesis. State 4 or basal respiration was limited by exogenous ADP concentration. Respiratory control ratio (state 3/state 4) was a measure of coupling of respiration to oxidative phosphorylation indicative of mitochondrial integrity and sensitivity to energy demands. The efficiency of phosphorylation for ATP synthesis (ADP:O ratio) was calculated from the amount of oxygen reduced during the phosphorylation of a known amount of ADP. The ATP synthesis rate was calculated as the product of the rate of oxygen consumption and efficiency of phosphorylation. Each of these traits is dependent on the biochemical activity of the mitochondrial electron transport system, which is controlled by cytoplasmic genes and interactions of cytoplasmic with nuclear genes. Succinate (2.5 mM), a flavin adenine dinucleotide-linked Krebs cycle substrate, and pyruvate (2.5 mM plus 2.5 mM malate), a nicotinamide adenine dinucleotide-linked substrate, were tested separately.
Weights for 82 F2 and three-way cross litters matched by parity (first to fourth, 783 total progeny) were analyzed statistically by least squares procedures (Harvey, 1979 
Results and Discussion
Strain, parity and litter size were significant sources of variation in weekly litter weights through 5 wk of age for inbred and F~ progeny. Birth date was significant for litter weights at birth, 1, 2 and 5 wk. Strain was a significant source of variation in individual weights from 1 to 5 wk. The BALB/cJ x C57BL/6J hybrids exhibited significant heterosis in weights compared with midparents (Table 2 ). Other researchers have reported enhanced mitochondrial activities related to heterosis of swine hybrids Wassmuth, 1983, 1984) . However, differences in mitochondrial traits were not related to heterosis for body weight of F l mice in a previous study (Brown et al., 1987) .
Strain, parity and litter size affected weights of F2 and three-way cross hybrids to weaning at 3 wk and 1 wk and 2 wk postweaning. Progeny of second-parity F1 females tended to be heaviest at all ages measured. Genders were represented equally across progeny genotypes. Birth date did not influence litter weights. Linear contrasts between means for progeny of reciprocal A/J • BALB/cJ females indicated no effect on weights at any age due to a difference between A and C cytoplasms ( Table  3 ). The F2 progeny of reciprocal C57BL/6J x BALB/cJ females did not differ in weight at any age. Three-way cross progeny of reciprocal C57BL/6J x BALB/cJ females, however, differed (P < .05) in litter weight at weaning and 1 wk and 2 wk postweaning. This difference between reciprocal progeny expected to differ genetically only by B and C cytoplasm was consistent with a direct cytoplasmic effect on weight. The difference in weight occurred at later stages of growth, suggesting that it was not mediated through dams' prenatal or lactational influences. The lack of a difference in preweaning weights between progeny of reciprocals suggested that cytoplasmic genetic effects on lactation of Ft dams were either minor or antagonistic to nuclear effects in the strains tested.
Mitochondrial genes are maternally inherited through the cytoplasm of the oocyte. Nuclearly coded mitochondrial components, which may be affected by sire's genotype, become incorporated into nascent mitochondria throughout embryo development. In the absence of nuclear-cytoplasmic intergenomic interaction, therefore, an effect on progeny weights would be constant regardless of progeny's sire genotype. The difference between C57BL/6J x BALB/cJ reciprocals in growth of three-way cross progeny, but not F2 progeny, suggested that nuclear-cytoplasmic interaction may have been critical for expression of cytoplasmic effects. Unequal nuclear genotypic frequencies in reciprocal F2 progeny also may have obscured cytoplasmic effects.
Genotype and gender affected mitochondrial respiratory traits (Table 4 ). The magnitude of the difference between females and males varied among strains for some traits, and was larger with pyruvate plus malate as substrate (Table 5 ). The advantage of females in mitochondrial capacity for respiration and ATP synthesis has been noted previously (Brown et al., 1987) . Linear contrasts between means of progeny with A and C cytoplasms and between those with B and C cytoplasms indicated differences for each mitochondrial trait measured. Assuming nuclear genotype near homogeneity within "old inbred" mouse strains (Heiniger and Dorey, 1980) , within each contrast mitochondria were under identical nuclear influences, so that functional differences were consistent with cytoplasmic genetic variation. The similarity of mitochondrial DNA sequences examined in these mouse strains to date does not prohibit this conclusion. Less than 5% of the mitochondrial genome has been compared among A/J, C57BL/6J and BALB/cJ mouse strains by restriction endonuclease analyses to detect polymorphisms (Ferris et al., 1982; Yonekawa et al., 1982) . Much variation in sequence of mitochondrial DNA not detected by restriction endonuclease analyses can be revealed by direct nucleotide sequencing (G. L. Lindberg and D. R. Brown, unpublished results). As a control, least squares linear contrasts between C cytoplasm against two different nuclear backgrounds, BALB/cJ x A/J F1 and BALB/cJ x C57BL/6J F1 (strain of dam given first), indicated no differences in mitochondrial ac- tivity and thus no nuclear-cytoplasmic interaction for these genotypic combinations.
Coupling of mitochondrial respiration to oxidative ATP synthesis and efficiency of ATP synthesis differed (P < .10 to P < .01) between C57BL/6J x BALB/cJ reciprocal F 1 hybrids similarly to the difference in postweaning litter weights of their reciprocal three-way cross progeny. Resting and ADP-stimulated mitochondrial respiration rates and ATP synthesis rate, however, differed (P < .01) in the opposite direction 9 This relationship suggests that variation in efficiency of cellular biochemical processes underlying the quantitative phenotype can be more important than the rates at which reactions proceed. Across all F1 genotypes, rank correlations (Steel and Torrie, 1980) of mitochondrial traits with F2 litter weights were nonsignificant. Nor was quantitative phenotype of reciprocals' progeny in this instance related to the magnitude of the difference in mitochondrial activities between cytoplasms. The differences in mitochondrial activity between A and C cytoplasms approximated those between B and C cytoplasms.
Data of the present study provide examples of variation in metabolic functions controlled by cytoplasmic genes both coincident with and in the absence of differences in progeny growth between reciprocal hybrid mice. The functions measured seemed not to be aspects of mitochondrial activity that may limit mouse growth. Similar studies of isolated mitochondria of sheep (Wolanis et al., 1980) and cattle (Brown et al., 1988) were in agreement with this conclusion. Causal links between variation in sequence of mitochondrial nucleotides, regulatory or gene product differences, and organelle function may be established in the near future. Because ATP, likely the primary cell product whose abundance is affected by cytoplasmic genes, is distributed to fuel many cellular processes, relationships with quantitative traits of economic importance will be much more difficult to establish. If important cytoplasmic genetic effects on performance traits of livestock are widely substantiated, however, the small size of the genome and precisely known genetic informational content of mammalian mitochondrial DNA will be a model for studying the molecular basis of quantitative phenotypic variation. 
